Serotonin critically affects the neural processing of emotionally salient stimuli, including indices of threat; however, how alterations in serotonin signaling contribute to changes in brain function is not well understood. Recently, we showed in a placebo-controlled study of 32 healthy males that brain serotonin 4 receptor (5-HT 4 ) binding, assessed with [
INTRODUCTION
Serotonin is a neuromodulator with significant effects on emotional behavior and it is implicated in the pathophysiology of mood and anxiety disorders (Holmes, 2008; Albert et al, 2012) . Selective serotonin reuptake inhibitors (SSRIs) are commonly prescribed to treat these disorders. The primary pharmacological action of SSRIs is to block the serotonin transporter (5-HTT), the mechanism for clearing extracellular serotonin, putatively increasing central serotonin levels (Nutt et al, 1999) . The clinical response to SSRI treatment typically emerges 2-3 weeks after treatment onset, at which point response is significantly predictive of long-term treatment response (Baldwin et al, 2009 ). This time frame coincides with hypothesized molecular mediators of antidepressant response including serotonin 1A autoreceptor desensitization and downregulation of 5-HTT (Benmansour et al, 2002; Blier and de Montigny, 1999; Richardson-Jones et al, 2010) . Linking fluctuations in serotonin signaling within this clinically relevant 2-3 week time frame with changes in specific neural pathways would implicate neurobiological mechanisms mediating SSRI effects on emotional behavior and treatment responsiveness.
A corticolimbic circuit comprising the amygdala and medial prefrontal cortex (mPFC), including the anterior cingulate cortex, critically modulates behavioral and physiological responses to salient environmental stimuli (Sergerie et al, 2008; Quirk and Mueller 2008; Phelps et al, 2004) . Human neuroimaging studies in healthy and clinical cohorts implicate this circuit in processing threat-related stimuli and the pathophysiology of mood and anxiety disorders (Phillips et al, 2003; Stuhrmann et al, 2011; FusarPoli et al, 2009) . Converging evidence from human functional magnetic resonance imaging (fMRI) studies implicates serotonin signaling in modulating threat-related corticolimbic circuit function (Grady et al, 2013; Hornboll et al, 2013; Rhodes et al, 2007; Hariri et al, 2005; Fisher et al, 2011) . Despite this, our understanding of how changes in central serotonin signaling modulate this circuit is limited.
The effect of a single SSRI dose on amygdala reactivity remains equivocal with reports of heightened (Bigos et al, 2008) , lowered , and no difference in ) amygdala reactivity. Behaviorally, the recognition of fearful faces was heightened following a single SSRI dose in healthy individuals (Browning et al, 2007) . Conversely, healthy individuals taking citalopram for 7 days showed lower amygdala reactivity to fearful faces compared with placebo (Harmer et al, 2006) . Only one study has evaluated SSRI effects in healthy individuals over a more clinically relevant time period of 3 weeks, reporting an inverse association between threatrelated reactivity and escitalopram urine concentrations (Arce et al, 2008) . Clinically, SSRI effects on treatment response and threat-related amygdala reactivity show substantial individual variability (Ruhe et al, 2012) . Thus, long-term SSRI intervention appears to decrease threatrelated amygdala reactivity; however, there is an outstanding need for additional studies, which may benefit from modeling individual variation in change in brain function with a more proximal measure of central serotonin levels.
Recently, we showed that serotonin type 4 receptor (5-HT 4 ) brain-binding, assessed with [ 11 C]SB207145 positron emission tomography (PET), may be a useful proxy for changes in brain serotonin levels. Three-week fluoxetine intervention (40 mg) was associated with a 5% decrease in 5-HT 4 binding (Haahr et al, 2014) . This same cohort completed a gender-matching threat-related face fMRI paradigm, offering a unique opportunity to determine the association between fluctuations in central serotonin levels, assessed with PET, and threat-related corticolimbic reactivity assessed with fMRI. On the basis of previous long-term SSRI intervention studies in healthy individuals, we hypothesized that the change in [
11 C]SB207145, a putative marker for change in central serotonin levels from baseline to re-scan, would be negatively associated with the change in threat-related amygdala reactivity. We compared these effects against those estimated considering intervention group status to determine the importance of this more proximal measure of the central serotonin system.
MATERIALS AND METHODS

Participants
Healthy males were recruited by advertisement for a research protocol approved by the regional Danish Ethics Committee (H-KF-2006-20, Amendment 23830) . All participants were generally healthy (see Supplementary Materials and Methods for more details) as described previously (Haahr et al, 2014) . Of the 35 participants who were recruited for the study, four did not complete the entire protocol (two because of PET scanner failure, one elected to dropout, and one did not complete the fMRI paradigm). Thus, our sample consisted of 31 individuals. fMRI data included here have not been previously described, whereas PET data included here have been reported previously (Fisher et al, 2012; Haahr et al, 2014; Haahr et al, 2013) .
Intervention Protocol
Using a randomized, double-blind design participants received either fluoxetine or placebo. Intervention group assignment was block-randomized on the basis of age, education, and 5-HTTLPR status by a member of our research group uninvolved in contact with the participants or the data analysis. Participants received oral and verbal instructions for taking medication. Participants were instructed to take 20 mg (one capsule) each of the first 3 days of the intervention period. From the fourth day until the final re-scan, the participants took 40 mg, an effective clinical dose (Charlier et al, 2000) . We instructed the participants to take the capsules at B22 hours or before going to bed. Side effects were monitored during the intervention period and blood samples were taken to verify treatment compliance. The participants completed the second scan sessions B3 weeks after beginning the intervention (Table 1) . See Supplementary Materials and Methods for more details.
Genotyping
Genotype status for the 5-HTTLPR polymorphism (L A , L G , and S allele) was determined as described previously . All the participants self-identified as Caucasian except for one who self-identified as mixed (African/ Caucasian).
Magnetic Resonance Imaging Data Acquisition and Paradigm
Blood-oxygen level-dependent (BOLD) fMRI scans were acquired using a T2*-weighted gradient echo planar imaging sequence and high-resolution T1-weighted structural MR scans were acquired as described previously (Grady et al, 2013) and in Supplementary Materials and Methods.
The participants completed a gender discrimination task on individual threat-related (ie, fearful or angry) and neutral faces presented in the middle of the screen as described previously (Grady et al, 2013) . In total, 32 blocks of neutral faces were interleaved between 16 blocks of fearful and 16 blocks of angry faces presented across two runs with a brief break between runs. See Supplementary Materials and Methods for more details.
fMRI Data Analysis
We pre-processed fMRI data sets using SPM5 (http:// www.fil.ion.ucl.ac.uk/spm/). Functional images were realigned to a subject-specific mean functional image to which the T1-weighted structural image was co-registered. Functional images were normalized into Montreal Neurological Institute space on the basis of normalization of the T1-weighted image within VBM5 (http://dbm.neuro.uni-jena. de/vbm/vbm5-for-spm5/) and then smoothed with an 8-mm Gaussian kernel. Smoothed images were high-pass-filtered (frequency 128 s, 0.008 Hz) to remove low-frequency drift and entered into a general-linear model employing a canonical hemodynamic response function to estimate condition-specific and task-specific BOLD activation (ie, beta and contrast images, respectively) including estimated motion parameters and respiratory measures as covariates. Single-subject contrast images (ie, weighted sum of taskrelated beta images) were entered in second-level random effects models to determine task-related reactivity.
To address the issue of multiple comparisons for voxellevel comparisons, 3dClustSim, a software program within AFNI (http://afni.nimh.nih.gov/afni) was used to determine cluster extent thresholds for specific ROIs unlikely to have occurred by chance (ao0.05) at a voxel-level statistical threshold of po0.01, uncorrected. Amygdala and mPFC ROIs were defined using WFU Pickatlas v3.0.3 (Maldjian et al, 2003; Lancaster et al, 1997) . Our mPFC ROI was defined as Brodmann Area's 24, 25, and 32 (3D dilation ¼ 1) so as to include mPFC regions that share anatomical connectivity with the amygdala (Barbas, 1995; Ongur and Price, 2000) . The cluster extent, k, required for our amygdala and mPFC search volume was 414 and 196 voxels, respectively.
PET Data Acquisition
[ 11 C]SB207145 was synthesized using an automated radiosynthesis system as previously described (Marner et al, 2010) . Immediately following intravenous bolus injection of [ 11 C]SB207145, a 120-minute dynamic 3D emission scan was acquired within 38 time frames using a Siemens ECAT HRRT scanner with an approximate in-plane resolution of 1.5 mm (Olesen et al, 2009 ). Scans were reconstructed using the iterative point-spread function reconstruction with attenuation map improvements (Sureau et al, 2008) . All doses were below the recommended limits, ensuring tracer conditions (Madsen et al, 2011) .
Quantification of [ 11 C]SB207145 Binding and b Values
Quantification of PET data was completed as described previously (Haahr et al, 2014) . On the basis of this study, we interpret the percent change in binding, as determined by an occupancy plot for each participant, to reflect fluctuations in global central serotonin levels. In these plots, the baseline binding potential (BP ND ) for each brain region was plotted on the x axis against re-scan BP ND for the same regions on the y axis. The slope of the fitted line, b, represents an estimate of the change in specific [
11 C]SB207145 binding, indexing the change in serotonin levels. A bo1 indicates an increase in serotonin levels (ie, a decrease in the receptor availability), whereas a b41 indicates a decrease in serotonin levels (ie, an increase in receptor availability). Thus, a single b value was estimated for each participant. b values used here were identical to those reported previously (Haahr et al, 2014) .
Personality Measures
Danish versions of state measures of personality, depressive symptoms, and stress were collected to determine effects of intervention. Participants completed the Major Depression Inventory (Forsell, 2005 ) and Cohen's Perceived Stress (Cohen et al, 1983) at each PET scan. Trait measures were collected to determine whether participants differed in relevant personality measures at baseline. Participants completed the NEO PI-R (Hansen et al, 2004) , providing a trait measure of neuroticism, and the Temperament and Character Inventory (Cloninger et al, 1994) , providing a trait measure of harm avoidance.
Regression Analysis
All statistical analyses outside of SPM were carried out in R v3.0.2 (http://www.r-project.org/). First, we evaluated the main effects of task-related reactivity (ie, fear and angry vs neutral faces contrast) at baseline in SPM. To ensure that consistent and task-responsive brain areas were evaluated, the mean contrast estimates from clusters within ROIs showing significant task-related reactivity were extracted from SPM and modeled in correlation analyses including either fluctuation in serotonin levels or intervention group status.
We determined the association between change in taskrelated reactivity and intervention measures using a linear regression model that can be expressed generally as:
and 'BOLD B ' correspond to the BOLD contrast fear and angry-neutral faces for one of the three regions (left amygdala, right amygdala, and mPFC) at re-scan and baseline, respectively. 'Intervention' corresponds to one of two intervention measures tested (fluctuation in serotonin levels or intervention group status). Each intervention measure was evaluated in a separate model for each regional BOLD contrast. In effect, these models predict the change in task reactivity. This model is advantageous for test-retest designs relative to computing the 'delta' (ie, BOLD R À BOLD B ) for a particular measure (Vickers and Altman, 2001) .
To consider effects of pharmacologically induced and spontaneous changes in [ 11 C]SB207145 binding, we included all participants in each model evaluating the association between BOLD measures and the b value. Support for combining the fluoxetine and placebo groups included a nonsignificant interaction between the b value and the group status on any reactivity estimate (p40.47), suggesting that this association did not differ between groups. All statistics reported in the Results do not include the interaction term. A threshold of po0.05 (two-tailed) was considered statistically significant.
RESULTS
Threat-Related Corticolimbic Reactivity at Baseline
Across all participants at baseline, we observed significant task-related corticolimbic reactivity including bilateral threat-related amygdala reactivity (ie, fear and angry4neu-tral) and an mPFC cluster that was significantly more responsive to neutral compared with threat-related faces (Figure 1) . Brain serotonin predicts amygdala threat response PM Fisher et al
Effects of Change in [
Effect of Intervention Group on Corticolimbic Reactivity
In contrast to our measure of change in 
Personality Measures, Task Response, and Intervention Compliance
There were no significant group differences at baseline in demographics, state, or trait measures of personality, depressive symptoms, or perceived stress (Table 1; Haahr et al, 2014) . Nor did we observe evidence for an effect of intervention on our state measures of depressive symptoms and stress (p40.70). Participants performed the fMRI face binding, b, and change in left and right threat-related amygdala reactivity. A bo1 reflects decreased specific binding from baseline to rescan (ie, putatively increased serotonin levels), whereas a b41 reflects increased specific binding (ie, putatively decreased serotonin levels). The mean left and right threatrelated (ie, fear and angry-neutral contrast) amygdala reactivity values at re-scan, adjusted for baseline, are plotted for all 31 participants (orange points: fluoxetine group, blue points: placebo group). The gray line and shading represent the best fit line and 95% confidence interval, respectively, across the entire group. (c, d) Plot of same data but independent best fit lines and 95% confidence intervals are shown for fluoxetine (solid line) and placebo (hatched line) groups.
paradigm with a high-degree of accuracy and we did not observe evidence for an effect of intervention on reaction time or accuracy (Table 1) . Fluoxetine significantly reduced body mass index (intervention group effect (95% CI): À 0.53 ( À 0.74; À 0.33), p ¼ 1.1 Â 10 À 5 ). Three individuals receiving fluoxetine indicated that they missed one treatment day. We observed little difference in the reported side effects between groups. Eight and nine participants in the fluoxetine and placebo groups, respectively, reported no side effects. Seven and five participants in the fluoxetine and placebo groups, respectively, reported a few nonspecific symptoms (UKU rating o5). One individual from the fluoxetine and one from the placebo group reported sexual dysfunction and concentration problems (UKU score 45).
DISCUSSION
In this study we used a multimodal pharmaconeuroimaging strategy to evaluate the association between a recently reported effect of a 3-week fluoxetine intervention on change in [ 11 C]SB207145 binding, putatively reflecting change in central serotonin levels and response of a threat-related corticolimbic circuit, assessed with fMRI. We observed a significant association such that decreased brain-wide [ 11 C]SB207145 binding was associated with lower threat-related amygdala reactivity. Remarkably, this association included participants who received fluoxetine and placebo, suggesting that pharmacologically induced and naturally occurring fluctuations in [
11 C]SB207145 binding correlate with change in the amygdala response to threat among healthy individuals. These findings provide more direct evidence linking in vivo changes in the central serotonin neurotransmission and amygdala response to threat. Notably, the intervention group status (ie, active vs placebo) did not significantly predict the change in corticolimbic reactivity, whereas interindividual differences in central serotonin signaling significantly predicted change in left amygdala reactivity. These findings support a specific association between serotonin signaling and threat-related amygdala reactivity, and underscore the benefit of a more direct measure of the central serotonin system.
Although previous studies have evaluated effects of SSRI intervention on threat-related corticolimbic brain function, the ability to relate these effects to a more direct measure of alterations in central serotonin levels has been hindered by the availability of such a measure with PET or other methods (Paterson et al, 2010) . We report that estimated change in [ 11 C]SB207145, which we interpret to reflect change in central serotonin levels, is significantly associated with change in threat-related amygdala reactivity. This effect is directionally consistent with previous studies evaluating SSRI effects in healthy individuals (Harmer et al, 2006; Arce et al, 2008) . Whereas previous neuroimaging studies support an association between serotonergic signaling mechanisms and sensitivity to threat (Rhodes et al, 2007) , the present findings provide intriguing evidence linking dynamic changes in central serotonin levels and threat-related amygdala reactivity. Furthermore, this study provides a methodological framework for evaluating neurobiological mechanisms responsive to changes in serotonin signaling, even among healthy individuals, and may serve as a benchmark for future studies evaluating SSRI effects in clinical cohorts.
Here we modeled spontaneous fluctuations in [ 11 C]SB207145 binding using the placebo cohort of our study. Although there is reason to be cautious about this interpretation because the extent to which serotonin levels fluctuate spontaneously in humans is not clear, primarily because there is not a validated way to measure it, we believe that our findings provide support for its consideration. A study in a group of non-human primates reported cerebrospinal fluid 5-HIAA levels more than double baseline levels 8 weeks after the introduction of a novel female (Higley et al, 1996) . This finding alludes to the dynamic range of the central serotonin system, which may underlie the changes in [ 11 C]SB207145 binding and threat-related amygdala reactivity between the placebo and fluoxetine groups suggests that a limitation of our current study may be a small sample size and that we are simply under-powered to observe a significant effect within either group, individually. Thus, we suggest that our observed change in [
11 C]SB207145 binding, including the placebo group, captures a change in serotonin neurotransmission, which affects the threat-related neural processing.
Within our current study, we did not observe a significant effect of intervention group on estimates of reactivity, which we speculate is because of a combination of related factors. The magnitude of change in central serotonin levels (B5%) was smaller than the 16-47% change observed in a study in rodents (Licht et al, 2009 ) but similar to another molecular neuroimaging study in healthy humans (Nord et al, 2013) . This suggests that the effect of SSRIs on central serotonin levels may be smaller than expected, at least in healthy individuals. In addition, we observed that [
11 C]SB207145 binding increased in some individuals and decreased in others following fluoxetine intervention. This is consistent with the large variability in responsiveness to SSRI treatment and evidence that treatment decreases threatrelated amygdala reactivity in clinical responders (Ruhe et al, 2012) . This individual variability in responsiveness to SSRI intervention diminishes the sensitivity of a simple intervention group comparison and reinforces the value of modeling interindividual differences in change in central serotonin levels. Although the extent to which our observed effects in a healthy population generalize to clinical cohorts with mood and/or anxiety disorders is unclear, our findings and the notion that serotonin dysfunction represents a neurobiological feature of these disorders suggests that SSRIs would more strongly affect central serotonin levels and related brain function in treatment responders.
The specificity of our observed effect in the amygdala may reflect that its response to this task is more tightly linked to serotonin signaling than to the prefrontal cortex, which may be relatively more strongly regulated by other neurotransmitter systems. Previous studies have reported effects of serotonin signaling on response to threat in other brain regions including the insula, fusiform gyrus, temporal gyri, and striatum (Grady et al, 2013; Arce et al, 2008) . We considered these regions in post hoc analyses and did not observe evidence for an association with our measure of endogenous serotonin levels or intervention group status (p40.13).
A previous study reported an inverse association between urinary concentrations of escitalopram and threat-related brain function, but acknowledged the uncertainty about its relation to blood or brain levels of drug (Arce et al, 2008) . As described previously, we observed that drug levels in the blood and change in central serotonin levels were unrelated (Haahr et al, 2014) . Furthermore, post hoc analyses did not suggest an association between change in threat-related brain function and drug levels in the blood at the time of re-scan (p40.29). Taken together, these findings are consistent with the idea that [
11 C]SB207145 PET more closely relates to change in central serotonin levels and resulting effects on brain function. It remains clear that identifying a low-to noninvasive biomarker predictive of SSRI responsiveness would be beneficial, but our findings suggest that this neuroimaging measure of change in serotonin levels may be a useful proxy for studies delineating neural pathways responsive to SSRIs. We used a commonly employed fMRI task to probe threat-related brain function but it is important to note that this task does not comprehensively measure the neural processes underlying the response to threat. Future studies evaluating fMRI paradigms targeting complementary features of threatrelated brain function or additional neural pathways would benefit our understanding of how changes in serotonin levels may affect other relevant aspects of brain function.
Although our study has the strengths of a rigorous placebocontrolled, double-blind design, it is not without limitations. In order to avoid potential confounds of hormonal fluctuations, we included only males. However, there is compelling evidence for an interaction between serotonin signaling and gender or sex hormones (Moses-Kolko et al, 2011); thus, future studies should evaluate these effects in women. Owing to logistical constraints, PET and fMRI scans were not always acquired on the same day. Although we cannot rule this out as a confound, we do not think that it substantially affected our results because the time between re-scans was generally small (median 1 day between fMRI and PET re-scan) and 5-HT 4 binding is insensitive to acute changes in serotonin levels (Marner et al, 2010) . Furthermore, days between re-scan did not differ between intervention groups (p ¼ 0.71, Wilcoxon test). Although acute SSRI intervention does not alter [ 11 C]SB207145 binding (Marner et al, 2010) , one may consider whether a 3-week SSRI intervention, if associated with a global decrease in blood flow, could lead to an underestimation of [ 11 C]SB207145 BP ND . However, it has been shown previously that even profound changes in blood flow introduce only negligible bias (Marner et al, 2009) . To the best of our knowledge, there are no data to support that the 3-week SSRI intervention in healthy volunteers is associated with substantial, global alterations in blood flow.
In summary, we report evidence that fluctuations in central serotonin levels correlate with amygdala response to threat but not to the intervention group status. Remarkably, this association included pharmacologically induced and spontaneously occurring changes in serotonin signaling, underscoring it as a key molecular mechanism affecting amygdala reactivity, a central brain structure for identifying and responding to salient environmental stimuli, including indices of threat. Our current results provide novel support for the value of modeling individual differences in change in serotonin levels, which may prove an informative biomarker for understanding individual variability in treatment responsiveness in clinical cohorts. These findings provide additional insight into the neurobiological mechanisms responsive to changes in central serotonin levels and provide a framework for future studies evaluating these effects in individuals at high-risk for or with mood and anxiety disorders.
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